The vagus nerve is an important source of afferent information about visceral states and it provides input to the locus coeruleus (LC), the major source of norepinephrine (NE) in the brain. It has been suggested that the effects of electrical stimulation of the vagus nerve on learning and memory, mood, seizure suppression, and recovery of function following brain damage are mediated, in part, by the release of brain NE. The hypothesis that left vagus nerve stimulation (VNS) at the cervical level results in increased extracellular NE concentrations in the cortex and hippocampus was tested at four stimulus intensities 0.0, 0.25, 0.5, and 1.0 mA. Stimulation at 0.0 and 0.25 mA had no effect on NE concentrations, while the 0.5 mA stimulation increased NE concentrations significantly in the hippocampus (23%), but not the cortex. However, 1.0 mA stimulation significantly increased NE concentrations in both the cortex (39%) and hippocampus (28%) bilaterally. The increases in NE were transient and confined to the stimulation periods. VNS did not alter NE concentrations in either structure during the inter-stimulation baseline periods. No differences were observed between NE levels in the initial baseline and the post-stimulation baselines. These findings support the hypothesis that VNS increases extracellular NE concentrations in both the hippocampus and cortex.
Introduction
Converging anatomical, electrophysiological, biochemical, and behavioral, evidence increasingly supports the hypothesis that visceral afferents of the vagus nerve exert a functionally significant influence on the CNS through the modulation of monoaminergic systems. Moreover, the capacity of vagus nerve stimulation (VNS) to suppress seizures, improve functional recovery following experimental traumatic brain injury, ameliorate depression, and enhance learning and memory, is thought to result, in part, from the release of norepinephrine (NE) in the terminal fields of the locus coeruleus (LC). Hence, characterizing the effect of VNS on extracellular NE concentrations in the hippocampus and cortex is of interest both experimentally and clinically.
Vagus nerve -locus coeruleus connection
Vagal afferents project to the nucleus of the solitary tract (NTS) which, in turn, has widespread projections to brainstem and forebrain structures. The NTS also projects both directly and indirectly to the LC (Van Bockstaele et al., 1999) . Indeed, several lines of evidence support the hypothesis that VNS activates neurons in the LC. For example, electrical stimulation of the vagus nerve in rats has been shown to increase the firing rate and c-fos expression of LC neurons in rats (Groves et al., 2005; Takigawa and Mogenson, 1977; Naritoku et al., 1995) . Neurons of the LC project to the hippocampus via the dorsal bundle and are the sole source of hippocampal NE (Loy et al., 1980) . The LC also provides the majority of noradrenergic innervation to the cortex. LC projections to cells of the cerebral cortex are predominantly ipsilateral; however, LC projections to the cerebellum are bilateral (Loughlin et al., 1982 (Loughlin et al., , 1986 .
Despite the fact that VNS is typically administered unilaterally, c-fos (Naritoku et al., 1995) , EEG, and neuroimaging ) studies all reveal changes in CNS activity that are both ipsilateral and bilateral depending on the particular brain region being studied. Although VNS typically involves stimulation of the left vagus nerve at the cervical level, Zabara (1992) reported right and left VNS to be equally effective in controlling seizures in dogs; and more recently, stimulation of the right vagus nerve has been shown to be as effective in suppressing seizures in rats as stimulation of the left vagus (Krahl et al., 2003) . It is not clear whether activation of the LC via vagal afferents would be expected to produce uniform release of NE throughout its terminal fields. However, if NE is indeed responsible for the antiepileptic effect of VNS, then NE release would be expected to be bilateral following unilateral stimulation.
VNS in epilepsy
The anticonvulsant effect of VNS on chronic refractory epilepsy was first reported in 1993 (Michael et al., 1993) . Since that time numerous clinical trials have confirmed the effectiveness of VNS in controlling seizures (Ben-Menachem 1996; Handforth et al., 1998; Morris and Mueller, 1999; Boon, et al., 2002; Wheless and Baumgartner, 2004) . Moreover, VNS exerts anticonvulsant effects in a variety of experimental animal models of epilepsy including rat (Takaya et al., 1996) , dog (Zabara, 1992) , and cat models (Fernandez-Guardiola et al., 1999) . In addition, VNS suppresses seizures in a variety of populations including children (Crumrine, 2000; Amar et al., 2001; Wakai and Kotagal, 2001; Nagarajan et al., 2002; Kossoff and Pyzik, 2004) , adolescents (Crumrine, 2000; Wakai and Kotagal, 2001; Nagarajan et al., 2002) , adults (Tanganelli et al., 2002; Chavel et al., 2003; Koszewski et al., 2003; Holmes et al., 2004; Hui et al., 2004) , the aged (Sirven et al., 2000) and, recently, in low IQ residents of long-term care facilities (Huf et al., 2005) . The hypothesis that VNS exerts its effects through the release of NE is supported by studies showing that lesions of the LC block the anticonvulsant effects of VNS in rats (Krahl et al., 1998) .
VNS in Depression
Dysfunction of the noradrenergic system has long been implicated in depression (see Leonard, 1997 for review) . VNS was shown to exert antidepressant effects in a rat model of depression with an efficacy similar to desipramine or electroconvulsive shock (Krahl et al., 2004; George et al., 2005) . Initial clinical studies suggest depression in humans may be responsive to VNS as well (Bolwig, 2003; Carpenter et al., 2003; Armitage et al, 2003; Hoppe et al., 2001; Harden, et al., 2000; Macritchie and Young, 2001; Topfer and Hailey, 2001; Marangell et al. 2002; George et al., 2000; Elger, et al., 2000; . Moreover, the vagus nerve stimulator has recently been approved for the treatment of intractable depression by the FDA.
VNS in CNS injury
The noradrenergic system has also been shown to play a role in recovery from injury in a variety of experimental models of traumatic brain injury including ablation (Feeney and Hovda, 1983; Hovda, et al., 1987; Kikuchi et al., 1999) , contusion (Dunn-Meynell et al., 1994; Krobert et al., 1994; Levin et al., 1995; Queen et al., 1997) , and fluid percussion (Boyeson, and Feeney, 1990; Prasad et al., 1992; McIntosh et al., 1994) . In general, treatments that enhance the synaptic effects of NE improve the rate or amount of recovery following brain injury (Meyer et al, 1963; Feeney et al., 1981; Feeney et al., 1982; Feeney and Hovda, 1983; Hovda et al., 1987; 1989; Boyeson et al., 1992; Feeney et al., 1993; Queen et al., 1997; Kikuchi et al., 1999; Kikuchi et al., 2000) . Furthermore, amphetamine and NE reuptake inhibitors have been demonstrated to improve function in humans following stroke (Boyeson, 1996) . Conversely, treatment with a NE antagonist impairs recovery and may even reinstate deficits in rats following CNS injury (Goldstein and Davis, 1990) . VNS (0.5mA, 30 s duration, every 30 min.) that begins 2 hours following fluid percussion injury reduces the degree of initial impairment and enhances both the rate and final level of motor and cognitive recovery in rats (Smith et al., 2005) . VNS also reduces the formation of edema when measured 24 hours post-injury (unpublished data).
VNS in memory and learning
Peripheral state, especially arousal, modulates learning and memory in a variety of tasks including inhibitory avoidance , spatial navigation (Williams and McGaugh, 1993) , and verbal memory in humans (Nielson and Jensen, 1995) . These effects can be attenuated by vagotomy, drugs that diminish the effects of arousal, or lesions of the NTS (Williams and McGaugh, 1993) . Further, electrical stimulation of the vagus results in improved performance on memory tasks in rats (Clark et al., 1995; Clark et al., 1998) and in humans (Clark et al, 1999) . More recently in our laboratory, VNS has been shown to facilitate the induction of early and late LTP in the dentate gyrus of freely moving rats, presumably through the capacity of VNS to increase noradrenergic neurotransmission in the CNS.
Hence, anatomical, biochemical, electrophysiological, and behavioral findings converge to strongly suggest that VNS should increase the release of NE in the terminal fields of the LC, and that many of the effects of VNS are attributable to the release of NE. While VNS has been reported to increase NE in the amygdala (Hassert et al., 2004) , which receives input from both the lateral tegmental system and LC (Moore, 1984) , direct evidence of increased NE concentrations structures innervated solely or predominantly by the LC has not been previously reported. In the present study, we employed in vivo microdialysis to determine whether VNS enhances the release of NE in the cerebral cortex and hippocampus of freely moving rats
Results
Vagus nerve stimulation (VNS) caused no observable behavioral response to the 0.25 mA stimulus intensity, but produced a brief change in the respiratory pattern (i.e. rhythm change) during the first few stimulation deliveries at the 0.5 and 1.0 mA levels. Freezing behavior was also occasionally observed during the first few stimulus deliveries as well as an occasional muscle twitch in the area of the neck adjacent to the electrode.
In hippocampus the 0.0, 0.25, 0.5, and 1.0 mA levels of VNS produced percent changes in extracellular NE of −6.75, 9.43, 23.08, and 28.45, respectively, when compared to baseline (Fig. 1) . These percent changes in NE concentrations varied significantly within subjects on the basis of level of stimulation [F(3,69) =4.774, p<0.008] . Pairwise comparisons yielded significant differences between sham stimulation (0.0 mA) and 0.5 (p<0.05) and 1.0 mA (p<0.001) levels of stimulation.
In the cortex the 0.0, 0.25, 0.5, and 1.0 mA levels of VNS produced percent changes in extracellular NE concentration of 6.27, −0.026, 10.29, and 39.0, respectively, when compared to baseline (Fig. 2) . These percent changes in cortical NE concentrations varied significantly within subjects on the basis of level of stimulation [F(3,45) =16.32, p<0.016]. Pairwise comparisons yielded significant differences between animals receiving sham stimulation (0.0 mA) and those that received 1.0 mA (p<0.001) VNS.
Examination of the effect of 1.0 mA VNS on NE concentration in samples collected from cortical probes that were both ipsilateral and contralateral to the stimulated nerve revealed an increase in NE on both sides that was not significantly different (Fig. 3) . The increases in NE concentrations were also found to be transient with stimulus-induced elevations essentially returning to baseline in the inter-stimulus period. An example of the transient nature of the VNS-induced increase in NE concentration in the hippocampus and cortex is depicted in Figure  4 . Finally, a pairwise comparison showed that VNS had no significant effect (alpha of 0.05) on inter-stimulation baseline NE concentrations compared to initial baselines concentrations at any of the levels of VNS tested.
Discussion
This is the first demonstration of a VNS-induced increase in extracellular NE concentration in structures receiving noradrenergic innervation exclusively from the LC. Thus, it provides more direct evidence for a noradrenergic link as a potential mechanism of action of VNS in the modulation of learning and memory, recovery of function following CNS injury, supression of seizures, and improved affect in depression.
The VNS-induced increase in the concentration of extracellular NE following the 1.0 mA level of stimulation in both the hippocampus and cortex supports the hypothesis that NE contributes to the antiepileptic effects of VNS. Similarly, this level of stimulation has been used in rodent models of depression (Krahl et al., 2004) and may account for the mood elevating effects found with VNS treatment. The bilateral increase in extracellular NE following VNS was expected because it is consistent with the bilateral innervation of the NTS from each vagal nerve (Henry, 2002) . The transient nature of the increase in extracellular NE following VNS is of interest in light of the capacity of a single stimulus train (30 sec) to improve memory in rats 24 h later. However, NE is known to facilitate long term potentiation (Stanton & Sarver, 1987) , which is associated with changes in intracellular signaling some of which lead to changes in gene expression. Thus, prolonged changes in synaptic transmission resulting from transient increases in NE are not entirely unexpected.
When animals received the 0.5 mA VNS, the intensity that has been shown to improve functional recovery following CNS injury (Smith et al., 2005) , an increase in hippocampal NE concentration of 23% was observed (p<0.05), but no parallel increase was seen in the cortex. While the basis of the difference in cortical and hippocampal responsiveness to VNS is unclear, it is consistent with previous findings suggesting that VNS has intensity dependent effects on cortical EEG and on learning and memory. This finding provides additional evidence that LC function varies across various behavioral and arousal states and that it has the capacity to act selectively on CNS targets rather than in a simple global pattern. At the lowest level of VNS tested (0.25 mA), which was slightly below the level recently shown to increase LC firing rates (0.3 mA) (Groves et al., 2005) , we failed to observe a significant change in NE concentration in either the hippocampus or cortex. However, the single unit electrophysiological recording study by Groves et al (2005) did not investigate any other stimulus intensities. Thus, it is uncertain whether any increase in NE concentrations would be expected at the 0.25 mA intensity.
It is unlikely that the present findings were influenced by the cardiovascular effects (e.g. bradycardia) of VNS for at least three reasons. First, the animals received only left vagus nerve stimulation; and the vagal innervation of the heart is asymmetric, with the left vagus innervation being fairly sparse and being directed primarily to the atrioventricular node. In contrast, the right vagus nerve innervates the sinoatrial node (main pacemaker) and the atria (Saper et al., 1990) . Thus, it is not surprising to find that left-sided VNS has little or no effect on heart rate in epilepsy patients receiving this therapy (Ramsay et al., 1994; Uthmann et al, 1993) . Second, previous studies from our laboratory have shown that the behavioral effects of VNS persist even when downstream nerve fibers are anesthetized with lidocaine, blocking the efferent organ innervation . Third, the effects of VNS on NE release in the amygdala are still present when peripheral effects of VNS are blocked by methyl atropine (Hassert et al., 2003) , providing further evidence of a centrally mediated effect of VNS that is independent of peripheral changes.
The pattern of response to VNS observed in the present study differs substantially from that reported by Hassert et al. (Hassert et al., 2004) . In that study, a single stimulus train of 0.4 mA intensity lasting 30 sec was found to increase the concentration of extracellular NE in the amygdala by greater than 100% which remained elevated for at least two hours after termination of stimulation. In the present study, the increase in extracellular NE following VNS was quite transient, not significantly outlasting the period of stimulation (Figure 3) . The reason for the disparity in findings between the present study and that of Hassert et al. (Hassert et al., 2004) is not known. However, at least two differences between that study and the present one may account for the observed differences. First, in addition to innervation from the LC, the basal lateral amygdala receives significant noradrenergic innervation from the lateral tegmental noradrenergic system, which may respond differently than the LC to VNS. Second, in the study by Hassert and co-workers. (Hassert et al., 2004) , a single stimulus train was delivered, whereas in the present study multiple stimulations were delivered. Whether this could have contributed to prolonged versus transient effects on extracellular NE is not known.
To date relatively few studies investigating the effects of various VNS parameters have been conducted (Woodbury and Woodbury 1990; Zabara 1992; Clark et al., 1995; Clark et al., 1998; Clark et al., 1999) . While stimulation parameters associated with the acute suppression of seizures and the enhancement of memory have been examined, there is little information about the optimal stimulation conditions for other effects of VNS such as facilitation of recovery of function or antidepressant effects. Moreover, there is evidence suggesting VNS effects change over time. For example, in patients receiving VNS for the treatment of epilepsy, the anticonvulsant effects of VNS continued to gain effectiveness beyond the initial 90 days of stimulation (DeGiorgio et al., 2000) .
In conclusion, left VNS produced an intensity-dependent increase in NE concentrations in the hippocampus, reaching statistical significance at the 0.5 mA and 1.0 mA levels, but only the 1.0 mA stimulus produced a significant increase in NE concentration in the cortex. The VNSinduced increase in NE seen both in cortex and hippocampus was transient, returning to baseline in the inter-stimulus period. Moreover, VNS did not alter NE concentration during the inter-stimulation baseline periods. The present findings demonstrate that VNS increases NE output in the hippocampus and cortex at stimulation levels known to have a therapeutic benefit.
Experimental Procedure
Male Long Evans Hooded rats weighing 375-500 g at the time of surgery were anesthetized with chloral hydrate (400 mg/kg; IP) and given 100,000 units procaine penicillin-G IM. They were then implanted with bipolar stimulating electrodes on the left vagus nerve at the cervical level as described elsewhere [Smith et al., 2005) ], and with CMA-12 microdialysis guide cannulas located in the hippocampus and cortex. The skull was exposed with a midline incision extending from approximately 10 mm anterior to bregma caudal to the occipital pole. The skin was retracted and the surface of the skull cleared of all tissue. Two small machine screws (1.5 × 3.5 mm) were placed in the skull anterior to bregma and one adjacent to lambda to aid in the attachment of the probes with dental acrylic. With the incisor bar set at +5, guide cannulas for cortical probes were stereotaxically placed using the following coordinates: 0.6 mm rostral from bregma, and 6 mm lateral from the sagittal suture, and 0.2 mm ventral from the surface of the dura. Hippocampal guide cannulas were placed 3.8 mm caudal to bregma, 5.0 mm lateral to the sagittal suture, and 2.5 mm ventrally from the dura. In order to control for potential differences relative to the stimulated nerve, guide implants were alternated between hemispheres for each structure. Following cannula placement, the area surrounding the guides was covered with Gel foam®, the electrode wires were attached to a connector (Plastics One, Inc.) and dental acrylic was applied to affix the guide cannulas and electrode connector. The rats were then returned to their home cages for recovery.
Microdialysis probe implantation
In the afternoon prior to the first day of testing, 4-7 days following implantation of the guide cannulas, the rats were given 5 mg/kg diazepam for sedation and as an anticonvulsant (insertion of the hippocampal probe uniformly induced facial clonus), placed in Rat-turn™ chambers (BAS), connected to the VNS stimulator, and the dummy probes (stylets) were replaced with CMA-12 (2 mm) microdialysis probes. Artificial cerebral spinal fluid (aCSF), consisting of 150 mM NaCl, 3 mM KCl, 1.7 mM CaCl 2 ·2H 2 0, and 0.9 mM MgCl 2 ·6H 2 0 was perfused through the probes overnight at the rate of 0.2 μl/min. At least one hour prior to sample collection, aCSF flow rate was increased to 1.0 μL/min. Using a microliter infusion pump (CMA-102 pump) aCSF was perfused through the probes at the rate of 1 μL/min and 60 μL dialysis samples were collected in vials containing 30 μL oxalic acid or 30μL of perchloric acid as a preservative using a refrigerated fraction collector. The dialysate samples were stored at 4° C pending assay (always within seven days). We have found that samples stored under these conditions for 7 days show a small, albeit non-significant, decline in NE concentration (p=−.0626; t=2.283; df=6; n=7, paired t-test ; day 1 vs day 7). However, because our data are expressed as percent change from baseline and because all samples from the same rat were stored identically, the sample storage would not have affected the percent changes.
Vagus Nerve Stimulation
Four vagus nerve stimulation intensities were tested: 0.0 mA (sham), 0.25 mA, 0.5 mA, and 1.0 mA all with a pulse width of 500 μS; a frequency of 20 Hz; duration of 30 seconds. Each experimental animal experienced five one-hour collection periods distributed as follows: 1) Baseline one, 2) stimulation one, 3) baseline two, 4) stimulation two, and 5) baseline three. Stimulation of the vagus nerve was administered using a Cyberonics prosthetics device programmed to deliver the specified stimulus intensity. Stimulation was delivered every 10 minutes during each one-hour stimulation period. Percent change in NE concentration was calculated by comparing the first baseline with the first stimulation and the second baseline and second stimulation for each stimulation intensity (NE concentration following stimulation minus baseline value divided by baseline and multiplied by 100). In order to determine if VNS altered NE concentrations between the inter-stimulation baselines, baseline two and three were compared to the first baseline. In order to control for sequence effect among the various stimulus intensities, the order of delivery of the four stimulus intensities were randomized with two levels of stimulation completed on the first day and two levels completed on the second day of stimulation. Thus, microdialysis samples were collected for a total of 20 h over two days at four different intensities. Immediately following the final collection vagus nerve electrode impedance was tested to insure adequate function. All electrode impedance values were < 7.0 K ohm.
Norepinephrine assay
Following collection, the microdialysis samples were assayed by high-performance liquid chromatography in combination with electrochemical detection (HPLC-ECD). Samples (25 μl) were injected by an ESA Model 542 autosampler into a 3.0 μM C-18 reverse phase analytical column (ESA MD-150 × 3.2). The mobile phase containing 75.0 mM lithium acetate dihydrate, 4.0 mM 1-heptane sulfonic acid, 100.0 μM EDTA, and 7.8% methanol ( pH of 4.7) was delivered by an ESA model 582 solvent delivery module at a rate of 0.6 ml/min. Electrochemical detection was carried out by an ESA Coulochem III detector. Analysis of sample content was performed using EZCHROMelite software (Scientific Software Inc). NE values were quantified by comparison of peak heights with standards. Detection threshold for NE was 1.7 pg on column.
Histological verification
Microdialysis probe positions were verified using 40 μM frozen sections stained with thionin and viewed on a Nikon profile projector by an investigator blinded to the microdialysis data. Only animals with probes located completely in the cortex/hippocampus were included in the data analysis. Photographs depicting the acceptable probe placement are shown in Figure 4 .
Statistical analysis
Statistical analysis of changes in NE concentrations by stimulation group was performed with one-way repeated measures ANOVA with LSD adjustments for multiple comparisons of each stimulation group to the sham stimulation group. Statistical analysis to determine changes in baseline concentration of NE within each intensity was conducted using repeated measures ANOVA with LSD adjustments for multiple comparisons. A significance level of p < 0.05 was used for all statistical test conducted. Effect of various intensities of VNS on extracellular NE in the hippocampus of freely moving rats, shown as percent change from baseline levels. The 0.5 and 1.0mA differed significantly from basal levels (* p<0.05, N= 12). Baseline NE concentration in dialysate from hippocampus averaged 0.096 ± 0.007pg/μL. Effect of various intensities of VNS on extracellular NE in the cortex of freely moving rats, shown as percent change from baseline levels. The 1.0mA differed significantly from basal levels (* p<0.001, N= 8). Baseline NE concentration in dialysate from cerebral cortex averaged 0.102 ± 0.012 pg/μL. Increased extracellular NE concentrations in ipsilateral and contralateral cerebral cortex following left vagus nerve stimulation. These increases in extracellular NE did not differ significantly on the basis of hemisphere (p=0.49, N=6). Average baseline NE concentration in ipsilateral dialysate was 0.135 ± 0.012 pg/μL and in the contralateral dialysate was 0.095 ± 0.017 pg/μL. Panel A.: Changes in extracellular NE concentration in the hippocampus of one rat during alternating 1h periods of dialysate collection for baseline (stimulus off) and stimulation (VNS at 0.5 mA). Panel B: Change in extracellular NE concentration in the cortex of a rat during 1h periods of dialysate collection for baseline (stimulus off) and stimulation (VNS at 1.0 mA). Depicts actual concentration of NE (pg/μL) measured in each sample rather than percent change. Note that the NE concentration returns to baseline when vagus nerve is not being stimulated. 
